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Core/shell structured composite metal oxides of Fe20jMgO were prepared by therrnal decomposition of Fe 
(acac)3 adsorbed on the surface of MgO cores. πle morphology of the composites conforrned to that of the 
MgO used as the cores. Broad powder X-ray diffarction peaks shifted toward larger d， large BET surface area 
(-350 m

2
/g)， and the size of crystalline domains in nano' range (4 nm)， all corroborate to the nanocrystallinity 

of the Fe20jMgO composite which was prepared by using nanocrystalline MgO as the core. By use of mi
crocrystalline MgO as the core， microcrystalline Fe20jMgO composite was prεpared， and it had small BET 
surface area of less than 35 m

2
/g. AFM measurements on nanocrystalline Fe20jMgO showed a collection of 

spherical aggregates (-80 nm dia) with a very rough surface. On thζ contrary， microcrystalline Fe20jMgO was 
a collection of plate-like flat crystallites with a smooth surface. The nitrogen adsorption-desorption behavior in
dicated that microcrystalline Fe203!MgO was nonporous， whereas nanocrystalline Fe20jMgO was mesoporous. 
Bimodal distribution of the pore size became unimodal as the layer of Fe203 was applied to nanocrystalline 
MgO. 까le macropores in a wide distribution which the nanocrystalline MgO had were absent in the nano
crystalline Fe20jMgO. The decomposition of CCl4 was largily enhanced by the overlayer of Fe203 on nano
crystalline MgO making the reaction between nanocrystalline Fe203!MgO and CC4 be nearly stoichiometric. 
The reaction products were environmentally benign MgCl2 and CO2. Such an enhancement was not attainable 
with the microcrystalline samples. Even for the nanocrystalline MgO， the enhancement was not attained， if not 
with the Fe203 layer. Without the layer of Fe203， it was obseπεd that the nanocrystalline domain of the MgO 
transforrned into microcrystalline one as the decomposition of CCl4 proceeded on its surface. It appeared that 
the layer of Fe203 on the particles of nanocrystallinε Fe203!MgO blocked the transforrnation of the nano
crystalline domain into microcrystalline one. Therefore， 피 order to attain stoichiometric reaction between CCl4 
and Fe20jMgO core/shell structured composite metal oxide， the morphology of the core MgO has to be nano
crystalline， and also the nanocrystalline domains has to be sustained until the core was exhausted into MgCI2. 

Introduction 

Nanophase materials have attracted scientist’s interest， at 
first by stimulating a pure scientific curiosity， and lately be
cause of unconventional applicability they may have. It has 
been well known that materials exhibit unexpected physical 
and chemical properties as the size of their particles get 
small down to a few nanometer range.I-7 The properties ob
seπed for such nanophase materials have been shown to be 
quite different from the ones observed for their bulky coun
terparts， and this difference can be related to the fact that 
the fraction of the moieties exposed to the surface can no 
longer be negligible. Therefore， it has been proposed that 

*To whorn correspondence should be addressed 

the surface chemistry on the nanophase materials should be 
prominently different from the one on the bulk， and ample 
experimental observations have shown that it is the case.8-10 

For the study of the surface chemistry on metal oxides， 
MgO used to be a choice for the material， and both ex
perimental and theoretical data on the material have been ac
cumulated. Having a simple rock salt crystal structure， 
theoretical consideration is especially simple， and recent stu
dies on modelling of oxide surface produced many results 
which are applicable to surface chemistry experimentally ob
seπed on MgOY-1

4 
Perfect cubic shaped crystal of MgO 

has (100) crystalline facets exposed on its surface. Among 
the facets other than (100)， the (111) facet is worth noticing. 
Experimental observations which were supported by ample 
theoretical considerations indicated that the (111) surface of 
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MgO crystal is more reactive toward adsorbed chemicals 
than its (100) surface.12.13.15-19 For example， it was shown 
that the chemisroption of small molecules， such as water or 
methanol， on (111) surface of MgO was prefered to that on 
(100) surface.[18] Hydrogen molecule was shown to dis
sociate on the (111) surface of MgO， whereas， it doesn’t on 
(100) surfacε 17-19 까le higher reactivity of the (111) facet 
originates from low-coordinated ionic sites in such struc
tures as steps， edges， kinks， valleys， and from defective 
sites such as vacancies， displaced ions. 

The morphology of MgO particles is very dependent on 
how the actual specimen has been prepared.20.21 This mor
phological difference was shown to be directly r，εlated to 
the chεmistry on the surface of the material. It was ob
seπed that organophosphorus compounds dissociatively ad
sorbed on nanoscale particles of MgO， and phosphorus 
moieties were immobilized into the MgO.22.23 Chlorocarbons 
were also shown to be destroyed on the surface of the nano
crystals of MgO， and the chlorines were immobilized into 
the MgO.24 The high reactivity of the nanocrystalline MgO 
was related to the (111) surface exposed on spherical nano
particles. When an overlayer of Fe203 was applied on the 
nanocrystallinε MgO， forming core!shell-type composite me
tal oxide， the reactivity toward chlorocarbons was observed 
to be largely enhanced.25.26 It was observed that the nano
crystallinity of the sample was important in getting such 
εnhancement. But， it appeared that the size in nano range 
was not a sole factor in enhancing the reactivity of the com
posite metal oxide toward chlorocarbons. 

In this study， two MgO powder samples in extreme ends 
of possible morphologies which MgO can have were 
chosen. One kind was microcrystalline with its surface com
posed mostly of (100) facets， and the other was nano
crystalline with mostly (111) facets exposed. On each of 
those two different core MgO， an overlayer of Fe203 was 
applied， and heat-treated into MgO/Fe203 core!shell struc
turεd composite metal oxides. From ensueing comparison 
studies on those two composite samples， better understand
ing on the enhanced reactivity， which was brought by over
laying the Fe203 layer on the nanocrystalline MgO， has 
been sought. 

Experiments 

Syntheses. Four different solid samples in two dif
ferent morphological groups were prepared and were desig
nated as CM-MgO， [Fe203]CM-MgO， AP-MgO， and [F한03] 
AP-MgO. The prefix AP- and CM- came from 'aerogel pre
pared’ and ‘commercial’ . First， two different MgO samples 
were prepared via different synthetic routes. One route was 
through Mg(OH)2 aεrogε1 gotten by hypercritically drying27 

the Mg(OH)2 alkogel， which produced nanocrystalline MgO 
(AP-MgO). The other route was via the hydration-dehy
dration of commercially available MgO， which produced mi
crocrystallinε MgO (CM-�맹0). Using these two MgO sam
ples in a very different morphology as the core， MgO/Fe203 
core!shell structured composite metal oxides were prepared 
by constructing an overlayer of Fe203 over the core MgO. 
The layer of Fe203 over the MgO was designated by put
tîng [Fe203] in front of the prefix. 

Mg tuming (98%)， calcined magnesia (MgO)， and Fe 
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(acac)3 (98%) were purchased from Aldrich， Fisher Scien
tific， and Strem， respectively. The methanol and toluene 
were dried over Mg(OMe)2 and CaH2 before use. THF and 
CC4 were both dried over activated (-150 oC， dynamic va
cuum) molecular sieve. 

Hypercritical drying of aerogel was carried out in a 500 
mL pressure reaction vessel (Parr Co.) which was equipped 
with a stirrer and a vent. 

CM-MgO. After commercially purchased calcined mag
nesia was exposed to water saturated air for a day， the hy
drated powder (2-3 g) was charged in a 100 mL Schlenk 
Reaction Vessel (SRV). Under dynamic vacuum (_10-3 

torr)， the powder in the SRV was gradually heated up to 500 
oC (it usually took 10 h) with 6 h hold at the temperature. 
Once the heat-treatment was finished， the sample was cool
ed to ambient temperature， and was kεpt under argon. 

AP-MgO. In a three-way round bottom creased flask 
connected to argon， 100 mL of 1.0 M solution of Mg(OMe)2 
was prepared by reacting Mg tumings with dried methanol， 
and was well mixed with 300 mL dried toluene. While the 
solution was vigorously stirred， 4 mL distilled water was 
added over 30 min. As hydrolysis and condensation reac
tion proceeded， the solution became slightly turbid Mg(OH)2 
sol. The sol was further stirred for 10 h， and loaded in the 
500 mL Parr-reactor. In the closed reactor， the sol was heat
ed to 265 oC， and the pressure was maintained at 1000 psi. 
By openning the vent of the reactor， the solvent was ex
pelled in its critical state， resulting in fluffy white powder 
of Mg(OH)2 aerogel from the Mg(OH)2 sol. About 2 g of 
the aerogel was loaded in the 100 mL SRV， and heated at 
500 oC under dynamic vacuum as described in previous sec
tíon. 

[Fe203]CM-MgO， [Fe203]AP-MgO. An overlayer of 
Fe203 was constructed on the MgO crystallites prepared in 
the previous sections. Over the solid samples of MgO (not 
exposed to the air， in SRV)， whose surface was activated 
by heating in vacuum， a solution of Fe(acac)3 in dried πIF 
was added and stirred for 10 h. The MgO whose surface 
was covered by the adsorbed Fe(acac)3 was filtered and dri
ed. The dried powder was heated at 500 OC under dynamic 
vacuum， in the same manner as described earlier. Aftεr the 
heat treatment， the white color of the MgO tumed pale gray 
([Fe203]CM-MgO) to dark gray([Fe203]AP-MgO). 

Characterization. Powder X-ray diffraction (PXRD) 
pattems were obtained with Scintag PAD-X diffractometer 
from the solid samples before and after the decomposition 
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Figure 1. Schematic diagram showing GC device equipped with 
the in situ U-tube quartz reactor: (A) U-tube quartz reactor; (B) 
powder sample; (C) furnace; (D) heater; (E) injection port; (F) 
GC column; (G) detector; (H) recorder; (1) thermocouple; (J) tem
perature controller. 

jector was 100 oC， and the t10w rate of helium gas was 30 
cm3/min. A U-tube quartz reactor (inner diameter of 7 mm) 
was attached between the injector and the entrance of the 
column， as shown in Figure 1. Powder sample， 100 mg， 
was loaded in the quartz reactor and immobilized by plug
ging both sides with ceramic wool. While the sample was 
heated at 425 oC by using small tube fumace， 1 L pulses of 
dried CCl4 were introduced ovεr the solid sample in the 
reactor， with 7 min interval between pulsεs. 

Results 

Surface Area and Crystallite size. Schematic di
agram showing synthetic routes to four different powder 
samples is shown in Figure 2. Aerogel of Mg(OH)2 was 
very fine t1uffy powder which had high surface area of 700-
800 m2/g. While it decomposed into AP-MgO at 500 oC in 
dynamic vacuum， the surface area diminished to 300-400 m2/ 
g (which is still high value). Putting an overlayer of Fe203 
didn’t change the surfacε area of thε samples. XPS and 
Mössbauer analyses on the Fe203 coated samplεs indicated 
the presence of highly dispersεd Fe203 layer on the core 
MgO.25，26 Figure 3 shows PXRD pattems for [Fe203]CM-

Figure 2. Schematic outline of the preparation of the solid sam
ples， 까le AP-MgO and [Fe203]AP-MgO were prepared from the 
aerogel which was synthesized via a sol-gel route， The CM-MgO 
and [Fe203]CM-MgO were prepared from commercially pur
chased magnesia， 
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Figure 3. PXRD patterns of Fe20JMgO core/shell structured 
composites with different morphology: (A) [Fe203]AP-MgO; (B) 
[Fe203]CM-MgO， Large half peak width of the diffractions from 
the [Fe203]AP-MgO indicates the nanocrystalline feature of it. 

MgO and [Fe203]AP-MgO， Nanocrystalline feature of the 
[Fe203]AP-MgO is apparent in the broadness of diffraction 
peaks， The size of the [Fe203]AP-MgO crystallites， which 
was calculated by the Scherer equation using the half peak 
width of the (200) diffraction at 29=42S，28 was 40 Å， and 
the d value of its (200) diffraction was observed to be shift
ed -0，15 Å larger than that of the [Fe203]CM-MgO， which 
is indicative of lattice strain presumably developed by nano
crystalline feature of the crystallites， The BET surface area 
of the [Fe203]CM-MgO was in a range of 10-35 m2/g， 
which was much smaller than that of the [Fe203]AP-MgO 
(350-370 m2/g)， 

Particle morphology. Figure 4 and 5 show two di
mensional surface feature of pellets pressed from powders 
of [Fe203]CM-MgO and [Fe203]AP-MgO， To compare re
lative roughness of the surface of the samples， force applied 
to the probe was maintained constant. On the AFM images， 
it was shown that the particles of the above two samplεs 
had very different morphology， The [Fe203]CM-MgO con
sisted of plate-like particles of -50 nm thick， -150 nm wide， 
and -150 nm long (average size assessed from several three 
dimensional images). πle apparent alignment of the crys
tallites was suggested to have occurred during the pellet
pressing. The possibility of the alignment be fake image 
was eliminated by getting the same alignment by cross-scan
ning on the same area. Contrary to the plate-like image of 
the [Fe203]CM-MgO， particl않 of the [Fe203]AP-MgO were 
shown to be spherical aggregates of -80 nm diameter with 
very rough suface. The above observation of particles in dif
ferent morphology is consistent to previous SEM/TEM ob
servations performed on powder samples of CP-MgO， pre
pared by vacuum-heating hydrated CM-MgO (therefore， it 
should be close to CM-MgO)， and of AP_MgO.9，29 In the 
SEM/TEM observations， CP-MgO appeared as hexagonal 
platelets， and AP-MgO as irregular shaped aggregates， 

Taking the AFM image of thε [Fe203]AP-MgO gave fair
ly disturbing technical difficulty. Because of the roughness 
of the surface， the probe experienced sporadical jumps 
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was hindered or enhanced， resulting crystallites can be quite 
different in their shape?O For MgO， most of the flat surface 
of the hexagonal platelet-like σystallites of CM-MgO 
would be composed of (100) plane， whereas more pro
portion of the spherica1 surface of the AP-MgO would con
tain (111) plane.9• 1O•26 

Pore Charaderistics. πle adsorption and desorption 
behavior of nitrogen on porous solids gives c1ues to the 
morphology and size distribution of the pores they have. In 
Figure 6， the N2 adsorption-desorption isotherms measured 
on the powder samples were provided. Isothem curve for 
[Fe203]CM-MgO had a typica1 shape of type 11 which con
formed to nonporous solid.3 1 Apparently， no change in tl1e 
feature was observed when the Fe203 layer was applied 
over the CM-MgO (thereby， we show only one represen
tative curve for [Fe20]]CM-MgO in Figure 6-A). Isotherms 
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[Fe20J]CM-MgQ Figure 4. AFM micrograph of a pellet made by pressing [Fe2031 
CM-MgO powder. 
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which sometimes caused black-out of ensuing image. Un
like in the case of the [FeZ03]AP-MgO， no such d끊iculty 
was experienced for the [Fe203]CM-MgO， and relatively 
smooth image was attained. This apparent difference of the 
surface roughness corroborates to BET surface area meas
urements， which showed tl1e surface area of [Fe203]AP
MgO was about ten-fold larger than that of [Fe203]CM
MgO. 

AFM images of CM-MgO and AP-MgO which did not 
have Fe203 overcoat had same characteristic features of 
shape and roughness FeZ03 coated ones had. 까lis ob
servation suggests that basic topological features core MgO 
had were preserved even with overlayer of Fe203' It is well 
known that partic1e morphologies of MgO samples differ 
significantly depending on how the samples have been pre
pared.15， 16 When the growth of certain crystallographic plane 400 
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Figure 6. 까le nitrogen isotl1erms on powder samples of: (A) 
[Fe2031CM-MgO; (B) AP-MgO; (C) [Fe2031AP-MgO， The isoth
erm on CM-MgO was not shown because it was identical to the 
one on the [Fe2031CM-MgO. 
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Figure 5. AFM micrograph of a pellet made by pressing [Fe2031 
AP-MgO powdεr. 
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for AP-MgO and [Fe203]AP-MgO exhibited the charac
teristic feature (type IV) of meso-porous solids.31 Both sam
ples had non-symetric， inclined hysteresis loops， which in
dicated that the dimension of the pore was not monotonous， 
but rather 'necked'. The skewed loop in the isotherm of the 
AP-MgO， which appeared to be the overlap of two different 
segments， indicated the size distribution of the pore was bi
modal. The shape of the hysteresis loop in lower pressure 
range is close to the type H2 which corresponds to the one 
for the 'necked' pores. The shape of the loop in higher pres
sure range fits bettεr to the type H1 for the cylindrical 
pores.3 1 Contrary to the CM-MgO， a significant change in 
the shape of the isotherm was observed as the Fe203 layer 
was applied over the AP-MgO. Unlike in the isothem of the 
AP-MgO， only one hysteresis loop was observed in the one 
for the [Fe203]AP-MgO， which indicated the bimodal dis
tribution of the pores became unimodaI as the Fe203 layer 
was applied on the AP-MgO. Acumulative adsorbed 
volume curves were presεnted in Figure 7. The 'necking' is 
apparent in the mismatching feature of the adsorption and 
desorption cuπes. For both AP-MgO and [Fe203]AP-MgO 
the radius of the pore body， which was estimated from the 
adsorption curve， had a distribution width of around 100 A， 
which was ranged from 70 to 170 A. The radius of the 
'neck'， which was estimated from the desorption curve had 
a distibution width of around 20 Å， ranged from 70 to 90 Å 
This estimation indicates that the pores in those two sam-
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Figure 7. Cumulated pore volume of: (A) AP-MgO; (B) [Fe2031 
AP-MgO. 까le AP-MgO had maσopores， whereas， they were ab
sent in the [Fe2031AP-MgO 
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mesopores mesopores only 

FE￥c\ -cc져tedAP-MgO 

Scheme 1. 

ples are typical cavities constructed when spherical particles 
are compacted in a bulk.31 Also， it was shown that the fea
ture in the macroporous region significantly changed as the 
Fe203 layer was present. Whereas the AP-MgO had ma
cropores in a farely broad sÍZe range， roughly from 200 to 
1000 A， those macropores were nearly absent in the [Fe203] 
AP-MgO. 

The edges， steps， kinks， and defects which are plenty on 
(111) facets of magnesium oxide surface were known to be 
readily converted to Mg(OH)2 by chemisorbed water.32 It 
was reported that the chemisorption of water took place 
even under very low pressure， and in an ambient condition 
it took less than 10 min.33 Therefore， it is anticipated that 
the exposed surface of the spherical AP-MgO consists of hy
droxides rather than oxides. It was speculated that the par
ticlεs of the AP-MgO anchored to each other through the in
teraction among their hydroxylated surfaces， giving rise to 
the macropores in the AP-MgO， as shown in the Scheme 1. 
Because the layer of Fe203 on the [Fe203]AP-MgO would 
not be easily hydroxylated， it was spec비ated that the par
ticles of the [Fe203]AP-MgO were not effective in an
choring each other， and did not form the kind of the ma
cropores the AP-MgO did. 

FTIR. While solid samples of AP-MgO and， thereafter， 
[Fe203]AP-MgO were synthesized， FTIR spectra were taken， 
and presented in Figure 8. Relatively strong vibrational 
peaks which don’t belong to metal-hydroxides were ob
seπed from the aerogel of Mg(OH)2 at 1098， 2795， 2845， 
2913 cm -1 (Figure 8-A)， which suggested the presence of 
residual methoxy groupS.29 This observation suggested that 
the hydrolysis during sol-gel reaction was incomplete， 
which left residual methoxy moieties in the aerogel. The 
residual carbon， -2% by elemental analysis， in AP-MgO ori
ginated from these methoxy residues. After thε aerogel was 
heat-treated at 500 oC， converting Mg(OH)2 to MgO， the vi
brational peaks of the methoxy moieties disappeared， and 
new peaks at 865， 1073， 1430， 1475， 1634 cm-1 developed 
(Figure 8-B). These peaks correspond to unidentate car
bonates and bicarbonates on the surface， suggested to be 
bound to lower coordinated magnesiums on edges and corn
ers.lO•34 When Fe(a않C)3 was adsobed on the activated SUf
face of the AP-MgO， forming yellowish powders， peaks of 
acetylacetonates were observed at 921， 1020， 1194， 1264， 
1409， 1462， 1520， 1610 cm-1 (Figure 8-C). Compared to 
the peaks 



some hydrogen must be originated from adsorbed water， 
especially for the AP-MgO which had high surface area. 
Substituting -OH into H20 in the case， the empirical for
mula becomes MgOO.537(C03H)OJ97(H20)O.48lFe203)O.014 for 
[Fe203]AP-MgO. Therefore， the above emp피cal formulas 
can not be the accurate ones. Still， it could be informative 
in the sense that a trend could be glimpsed on how the re
lative stoichiometry changes as the size of the crystallites 
decreases down to nano r때ge. When the [Fe203]AP-MgO 
was compared to [Fe203]CM-1\맹0， it is shown that the 
amount of the lattice oxygen is about 15 fold smaller (0.048 
compared to 0.718)， whereas， the ones for the hydroxide 
and carbonate are 5.5 and 11 times larger (0.978 and 0.197 
compared to 0.18 and 0.018， respectively). πlerefore， as the 
surface area increased， and the size of the crystallites de
creased， it was observed that the amount of the surfacial hy
droxides and carbonates increased， compensated by the de
crease of the lattice oxygens， which corroborates to the pre
vious experimental results on the concentration of surfacial 
hydroxides.9 πlÎs trend shows that as the size of the crys
tallites becomes smaller， and consequently as the surface 
area increases， the fractions of the surfacial components re
lative to the lattice oxygen dramatically increase， reflecting 
the diminished bulk property. As already noted in previous 
sections， the (200) PXRD peak of the [Fe203]AP-MgO was 
obseπed to be very broad， and the center of the di짧action 
was shifted toward larger d value， as much as 0.15 Å， 
which indicates the strain in the crystallites presumably 
caused by decreased bulk property. 

Decompositioo of CCI4 00 the surface. Adsorptive 
dissociation of CCl4 on the surface of the samples was ob
served by monitoring effluent gas by GC after passing ali
quots (pulses of 1 μL each) of dried CCl4 over 100 mg of 
powdery samples heated in the quartz reactor at 425 oc in 
the flow of helium. The decomposition product was iden
tified to be CO2 by MS. For effluent CCl4 (unreacted) and 
CO2， the change of the GC peak area was graphically 
presented in Figure 9 and Figure 10. Putting the Fe203 layer 
on the CM-MgO enhanced only a few initial decom
positions (-2 μL); for the first p띠se， the area ratio of CO.j 
CCl4 was 1.92 and 5.37 for CM-MgO 때d [Fe203]CM-MgO， 
respectively. But， this enhancement became not that sig
nificant as more pulses of CCl4 were introduced， and the 
decompositio 
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Figure 8. FfIR spectra of: (A) Mg(OH)2 aerogel; (B) AP-MgO 
prepared by heat treating the Mg(OH)z aerogel; (C) AP-MgO 
whose the surface was covered by adsorbed Fe(acac)3; (D) [Fez-
03]AP-MgO prepared by thermal decomposition of adsorbed Fe 
(acac)3; (E) hygroscopic powder sample retrieved from the U
tube reactor after 0.1 g [FeZ03]AP-MgO reacted with 100 μL 

(acac)3 chemisorbed on the surface of the AP-MgO were ob
seπed to be shifted about 5-40 cm -1 from those for the iso
lated one. As this yellowish powder turned to dark colored 
[Fe203]AP-MgO via decomposition of acac groups at 500 
oc， the acac groups appeared to be converted to unidentate 
carbonates on the surface (from Figure 8-C to 8-D). Ele
mental analyses showed that the carbon content of the sam
ple doubled to -4.5%. The Fe content of the [Fe203]AP
MgO was 1.5%. On the contrary to the AP-MgO， the car
bon content of CM-MgO was under the detection limit， and 
it increased to -0.5% when Fe203 layer was applied. The 
Fe content of [Fe203]CM-MgO was -0.15%， which is ten
fold lower than the one for the [Fe203]AP-MgO. Con
sidering the difference between BET surface area values (35 
vs 350 m2/g) of the samples， the amount of Fe(acac)3 ad
sorptively loaded on the surface is closely related to the sur
face area of the MgO. 

From the FI1R observation， it was suggested that the ma
jor components of the solids should be metal oxides， metal 
hydroxides， and metal carbonates. The empirical formulas 
based on the elemental analyses are MgOO.96SCO.018Ho. 198-
Fe7. 17X 10-4 and Mg01.66CO. 197H1 .175FeO.OI4 1 for [Fe203]CM-MgO 
and [Fe203]AP-MgO， respectively. When these empirical 
formulas are rearranged into each components， presumed 
from the FI1R observations， they become MgOO.718(C03H)0018 
(OH)0 180(Fe203)7 17애.4 and MgOO.048(C03H)o. 19l0H)o.978 
(Fe203)0014 for the [Fe203]CM-MgO and the [Fe203]AP
MgO， respectively. It is quite possible that some of the car
bon residues are elemental or existant as clusters.36 Also， 
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cηuld be carried out almost as a stoichiometric reaction. 

What kind of driving force did the overlayer of Fe203 on 
AP-MgO provided to enhance the destruction of CC14 on 
the surface of [Fe203]AP-MgO in such a large extent? The 
exhaustive understanding on the exact mechanism has not 
been attained， yet. Though， some plausible explanations can 
be speculated on the basis of the experimental observations 
gotten so far. 

When CCl4 decomposed via reaction (1) on the surface of 
AP-MgO， the surface layer converted into MgC12. 

Discusison and Speculation 
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The amount of liquid CCI. needed to cover the surface of 
100 mg solids which have surface area of 300 m

2
/g as a 

monolayer is ca1culated to be a few μL Therefore， first two 
or three pulses of CCl4 would be all is needed to turn most 
of the surfacial MgO into MgC12. Regeneration of an oxide 
surface should rely only to a diffusion process. But， if the 
Fe203 overlayer was present over the MgO， a fresh oxide 
surface could be regenerated via facile Cl- /02 - ion ex
change， which was represented by reaction (2) and (3)， oc
curring through the Fe20rMgO solid-solid interface. 

2 MgO+CC14 → 2 MgC12+C02 

(2) 

(3) 

2 Fe203+3 CCI. → 4 FeC13+3 CO2 

4 FeC13+6 MgO � 2 Fe203+6 MgC12 

The driving forcε for the ion exchange reaction would ori
ginate from the fact that iron oxide (AG= - 742 KJ/mol) is 
thermodynamically more stab1e than chloride counterpart 
(AG= - 334 x 2= - 668 KJ/mol)， whereas magnesium oxide 
(AG= - 570 KJ/mol) is less stab1e than its chloride coun
terpart (AG= - 592 KJ/m이). By considering the iron re
mained after the reaction to CCl4， it was suggested that the 

terns were obtained from the powder samples which were 
re띠eved from the quart2 reactor， and shown in Figure 11. 
Corroborating to the GC observations described above， the 
conversion of MgO into MgC12 was almost complete for the 
[Fe203]AP-MgO， showing strong diffractions from hydrated 
MgC12. On the contrary， most of the MgO diffractions were 
intact for the AP-MgO， indicating only a small fraction of 
the MgO was converted to MgC12. In both cases， strong vi
brational peak centered at 1637 cm -1 was observed in the 
FTIR spectrum (Figure 8-E)， which corresponds to the ad
sorbed water. The vibrational absorptions by carbonates， 
which were present before the decomposition reaction 
(Figure 8-B)， were not observed. Presumably， as oxide sur
face turned into chloride， the carbonates bound to the sur
face were excluded， and water was adsorbed by hy
groscopic MgC12 while the powdery sample was retrieved. 
Assuming 100% decomposition， about 120 μL CCI. was cal
culated to be needed to convert 100 mg MgO completely 
into MgC12. πlerefore， by applying a thin layer of Fe203 on 
the MgO， the decomposition of CCI. on the surface of 
[Fe203]AP-MgO co띠d reach almost maximum efficiency， 
and the reaction between the [Fe203]AP-MgO and CCl4 
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reaction (2) did not proceed to completion. Reaction in
termediate could be FeOCl which was reported to be pro
duct when a mixture of Fe203 and FeC13 was heated to 350 
oc. Thermodynamic data on the compound are not available. 

The mechanism for the decomposition of CC4 on the sur
face of the [Fe203]AP-MgO， deducible from the above ar
gument was suggested in Scheme 2. It can be anticipated 
that the diffusion process in the MgO core moiety should 
eventua11y influence the ion exchange through the solid-sol
id interface. As expected， it was observed that the break
through was delayed by increasing the interval between 
pulses.25 

In part， the enhanced Cl- /02 - ion exchange reaction des
cribed above may explain the observed stoichiometric reac
tion between [Fe203]AP-MgO and CC4. But， it fails in the 
case of CM-MgO and [Fe203]CM-MgO， where the FeZ03 
layer over the CM-MgO apparently diminished the overall 
amount of CC14 converted to CO2. Therefore， some ad
ditional factors should also be counted on to understand the 
enh때ced reactψity obseπed in [FeZ03]AP-MgO. 

The amount of Fe loaded on the surface of the sarnples 
increased proportiona11y to the increase of the surface area， 
which indicated the thickness of the FeZ03 layer should not 
be much different over CM-MgO or AP-MgO. The ex
perimental observations described in previous sections， such 
as size of the crystallites in nano range， rough-surfaced ag
gregates observed by AFM， compositional decrease of bulk 
oxides deduced from FTIR and elemental analyses， lattice 
strain observed on PXRD pattem， a11 point to the nano
crystalline characteristics of AP-MgO and [FeZ03]AP-MgO， 
which were comparablε to the microcrystalline features of 
CM-MgO and [FeZ03]CM-MgO. Therefore， it is certain that 
the unusual reactivity of the [FeZ03]AP-MgO toward CC4 
originates partly from the nanocrystallinity of the core MgO. 

One other factor which should be considered is the kind 
of the crystalline facets exposed on the surface. As already 
noted in the other articles，9，1O야 the strikingly different shape 
of the particles indicated that the major facets of the plate
shaped CM-MgO should mostly be (100) plane， whereas 
round-shaped AP-MgO shωld have more (111) plane on its 
surface. There are arnple experimental observations and 
theoretical calculations which showed that the MgO (100) 
plane is relatively inεrt toward chemical reactions on its sur
face， whereas the MgO (111) plane 

c 꿇h nFa짧 펴때확鍵월 
regeneration of oxide surface 

←←싫鐵 를←-

Scheme 2. 
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would act as the reactive sites in the reaction on the surface. 
πlerefore， the AP-MgO 때d the [FeZ03]AP-MgO in spher
ical particle shape， which should have higher concentration 
of .reactive sites than in the plate-like CM-MgO， would ex
hibit higher reactivity toward adsorbed chemicals. 

If this factor which was described above were a major 
one， it sho띠d be applicable not only to the [F힌03]AP-MgO， 
but also to the uncoated AP-MgO. In Figure 12， the ad
sorptive decompositions of CC14 observed by GC over CM
MgO and AP-MgO (uncoated) were compared. Initially(till 
second pulses)， it was observed indeed that more CCl4 
decomposed on the AP-MgO than on the CM-MgO， as ex
pected on the basis of the kind of major crystalline facets 
exposed on their surface. But， the decomposition capacity 
was observed to reverse after third p비ses (marked by as
terisk)， and once the plateau on the graph was reached， 
where constant arnount of CC4 decomposed， it was ob
seπed that actually the AP-MgO destroyed less amount of 
CC14 than the CM-MgO. 까lis observation is opposite to the 
expectation based on the particle morphology. In the Figure 
11 which shows PXRD pattems taken from powder sam
ples retrieved from the quartz reactor after 100 μL of CC14 
was decomposed over them at 425 oC， the relative intensity 
of the diffractions from the hydrated MgClz (compared to 
MgO(2oo) di짧action) appeared much smaller in the AP
MgO than in the CM-MgO， which corroborates to the 
above GC observations. How could this discrepancy be ra
tionalized? 

A peculier feature which should be noticed in the above 
PXRD pattem of the AP-MgO retrieved after the GC ex
periment (Figure l l-B) was the fact that the diffractions 
from remaining MgO were observed to be much sharper 
than before the GC experiment. The PXRD peaks of the 
AP-MgO taken before the GC experiment was almost ident
ical to the one for the [FeZ03]AP-MgO (for comparison， see 
the Figure 3-A) and they were very broad. Apparently， the 
broad diffraction peak of the nanocrystalline AP-MgO 
somehow became narrower after 100 μL CC4 was decom
posed over the same sample， which suggests that the nano
crystalline MgO transformed into microcrystalline one. On 
the contr따Y to the uncoated AP-MgO， it could be seen that 
the MgO diffractions (see [222] and [220] diffractions at 
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Effect o[ Core Morphology on the Decomposition o[ CC14 

29=78 and 620) in the Figure ll-A， which was for the re
maining core MgO after 100 μL of CC14 was decomposed 
over the [Fe203]AP-MgO， appeared still as broad peaks. 
This observation indicates that the nanocrystalline feature of 
the [Fe203]AP-MgO persisted even after the GC experiment. 
The BET surface area of the samples was observed to de
crease in large extent， if once CC4 was decomposed over 
their surface.

2
6 These observations suggest that the Fe203 

layer over the nanocrystlline AP-MgO blocked the transfor
mation of nanocrystalline core MgO into microcrystalline 
one， when the macroscopic restructuring (the collapse of the 
pore structure accom뼈niκed by drop of the surface area) 
was triggered by the decomposition of CC4 over the sam
ples. In the Scheme 3， difference in the outcomes of the res
tructuring， which was pκsumed to be caused by the pres
ence of the Fe203 layer over the nanocrystalline AP-MgO 
were schematically suggested. 

As noted in earlier section on the pore characteristics， the 
contact among the particles of the AP-MgO appeared to be 
more intirnate than among those of the [Fe203]AP-MgO. By 
considering melting point of MgC12 (714 oc) is much lower 
than that of MgO (2826 oc)， MgC12 phase will be much 
more mobile than MgO phase. πlerefore， upon the for
mation of exterior layer of MgC12， the particles of the AP
MgO would coalesce into a few larger aggregates. In order 
for the aggregate to become a single microcrystal， reo
rientation of lattice atoms should occur. If the initial cry
stalline domains were microcrystalline， energetically， this 
kind of reorientation wouldn’t be plausible. But， considering 
the crystallites of the AP-MgO were nanocrystalline， the 
atomic reorientation could well occur during the inter-dif
fusion of Cl- and O2- ions (the lattice strain observed by 
PXRD should play a role). On the contrary， when the Fe203 
layer was present on the particles of the AP-MgO， the nano
crystallites would have less chance to coalεscε. In the N2 ad
sorption-desorption experiment described in the earlier sec
tion， the particles of the AP-MgO was shown to form ma
cropores. In order to form the macropores， the particles of 
AP-MgO should be mutually anchored， as shown in the 
above scheme， presumably through interaction among hy
droxylated moieties on their surface. On the contrary， ab
sence of macropores in the [Fe203]AP-MgO suggested that 
contact among the paπicles of the [Fe203]AP-

Scheme 3. 
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Even though the particles of the [Fe203]AP-MgO should 
coalesce each other， the layer of Fe203 would anyway act 
as a barrier to hinder the transformation of many nano
cry，stalline domains into a single microcrystalline one via 
atomic reorientation. Therefore， for the particles of the 
[Fe203]AP-MgO， the nanocrystalline domains should be 
preserved even though the overall structure collapsed， 
which would corroborate to the PXRD and porosirnetry ob
servations. Therefore， it was suggested that the nano
crystalline characteristics of the AP-MgO were preserved by 
the Fe203 overlayer while the decomposition of CC14 
(followed by the inter-diffusion of lattice anions) proceeded. 
This preservation of the nanocrystallinity of the AP-MgO 
by Fe203 overlayer is suggested to be one of major factors 
which made the reaction between [Fe203]AP-MgO and CC14 
be almost stoichiometric. 

Conclusion 

By putting an overlayer of Fe203 on nanocrystalline MgO 
(AP-MgO)， forming core/shell type composite oxides ([Fe203] 
AP-MgO)， almost stoichiometric reaction between MgO and 
CC4 could be carried out at 425 oC， producing environ
mentally benign MgCl2 and CO2. Using the microcrystalline 
MgO as the core， the stoichiometric reaction could not be 
carried out even though the Fe203 layer was applied. 까le 
nanocrystalline morphology of the core MgO appeared to 
be one of essential factors in attaining the enhanced reac
tivity toward CC4. Neccessary condition for the Fe20)MgO 
core/shell type composite oxide to have such a high reac
tivity toward CC14 was not appeared to be met only by hav
ing nanocrystallinine core. Experirnental observations sug
gested that the nanocrystallinity of the core MgO should be 
preseπed while CC14 decomposed over the surface to keep 
such a high reactivity toward CC4. The overlayer of Fe203 
on the nanocrystalline core MgO apparently disturbed the 
coalescence among MgO nanocrystallites， preserving the 
nanocrystalline domains of the core until most of the core 
MgO transformed into MgC12. Thereby， the unusually high 
reactivity of the Fe203 coated nanocrystalline MgO toward 
CCl4 was maintained until the core MgO was almost totally 
exhausted. When the overlayer of Fe203 was not applied， 
the MgO particles apparently coalesced into bigger one， and 
atomic reorientation occured， turning nanocrystalline 
domains into microcrystalline ones， during macroscopic 
structural change caused by the decomposition of CC14• 
With this transformation of thε crystallinity， the reactivity of 
the MgO toward CC14 diminished in large extent. 

It was demonstrated that the reactivity of metal oxide to
ward chlorocarbons could be maximized on nanocrystalline 
core/shell-structured Fe20)MgO composite metal oxide. 
This type of composite materials could be a good candidate 
for safe disposal of environmentally prob1ematic chloro
carbons. Because the waste of chlorocarbons used to be in
cinerated at high temperature， they generatε intractab1e 
byproducts of HCl and C12. In this regard， immobilizing 
chlorides into benign solid products would provide a pos
sible way to subdue the generation of the volatile chlo
rinated byproducts. 
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